In conclusion, the immunoblot assay using pIX, fiber, and hexon antigens represents a valuable and new serological tool for refined adenovirus diagnosis as shown in an epidemiological study.
Human adenoviruses (HAdVs) cause epidemic, endemic, and sporadic infections worldwide and can infect and replicate in the respiratory tract, as well as in the gastrointestinal tract, eye, urinary bladder, and liver. In immunocompetent individuals subclinical adenovirus infections often result only in antibody production. Immunosuppressed patients are more susceptible to adenovirus infections and carry a significantly higher risk of mortality. In these patients fatal infections with serotypes of the different species have been described (24) . After allogeneic stem cell transplantation, it was possible to demonstrate that a positive adenovirus antibody test in the donor is a risk factor for adenovirus infection of the recipient (29) . Over the last few years, adenovirus vectors have become one of the most important systems for gene transfer, which was previously hampered by preexisting adenovirus antibodies (19, 37) . Diagnosis of adenovirus infections is currently based on virus isolation in cell culture and genus-specific antibody and antigen detection by enzyme immunoassay (38) , as well as adenovirus DNA detection by PCR (19, 30) . Until now serotype-and species-specific antibodies have been detected by neutralization or hemagglutination inhibition assays. These expensive methods of adenovirus typing have mainly been used in epidemiological studies. For a refined diagnosis of adenovirus infections, it would be advantageous to know the individual patients' history of adenovirus infections (10) . Therefore, the medical interest for simple typing has increased due to the advancements made in understanding differences in virulence among several serotypes (4) .
The human adenoviruses of the genus Mastadenovirus comprise 51 distinct serotypes that are grouped into the six species HAdV-A to -F (previously named subgroups or subgenera) based on the various immunological, biological, and biochemical characteristics (7, 32) . The genus-specific epitopes on the major antigen hexon are often used for immunological routine diagnosis of adenoviruses. The components of the outer virus capsid hexon and penton are further possessed of the epitopes of neutralizing antibodies. The fiber, which contains a shaft with mainly genus-specific epitopes and a knob with mainly species-specific epitopes, should be suitable for the genus-specific but also for the species-specific immunological diagnosis as already used for serotyping of adenoviruses by hemagglutination inhibition assay based on fiber determinants. The structural species-dependent differences were demonstrated by an amino acid sequence alignment, which showed the location of the linear epitopes in the fiber knobs of different serotypes of species HAdV-B, -C, and -D (22) . Species-dependent clustering of serotypes based on the amino acid sequences of the fiber knob was illustrated in a phylogenetic tree generated by parsimony analysis (16) .
An important candidate antigen for species-specific adenovirus diagnosis is protein IX (pIX) based on its species-dependent sequence and its virion surface localization. The small hexon-associated pIX of HAdV-5[C] is a 14.3-kDa minor structural component that stabilizes hexon-hexon interactions (15) . There are 240 pIX molecules per virion and 12 per group of nine hexons inserted as trimers (33) . The adenoviral pIX is characterized by three structural elements: the structure-form-ing more conserved N terminus, the alanine-rich middle region, and the variable C-terminal region, which contains a leucine zipper motif (1, 28) . The C-terminal part of Ad3pIX [B] is located on the surface of the virus capsid shown by immunoelectron microscopy (3). This finding was confirmed by the fact that, after modification of the variable pIX C terminus by adding a coreceptor-binding motif, HAdV-5 vectors can change their cell tropism (13, 36) . Antibodies to the pIX are detectable in human sera (8) . The pIX seems to have speciesspecific epitopes, shown for the serotypes HAdV-3[B] and HAdV-2[C] (2) . The detection of species-specific antibodies to pIX in human sera and their diagnostic use in an immunoblot assay has not been reported thus far.
The aim of the present study was to establish an immunoblot assay for genus-and species-specific detection of adenovirus antibodies directed against pIX, fiber/fiber knob, and hexon antigens in human sera and to evaluate this test with rabbit hyperimmune sera, as well as with human sera. tested for their specificity by indirect immunofluorescence and by radioimmunoprecipitation of adenovirus-infected HeLa cells (data not shown).
Patient sera. Patient sera, not selected for virus infections, were from the Greifswald surrounding area. To have a representative collection of study material, sera of hospitalized and nonhospitalized patients of all age groups were included. Patient sera were obtained as unpaired sera from hospitals of the University of Greifswald in the years 1993 to 1999. We divided the patients into eight age groups and chose approximately the same number of sera per age group. The project protocol was reviewed and approved by the local institutional review board, and informed consent was obtained from all patients.
Immunoblot and line assay. The reactivity of adenovirus antigens was analyzed after immobilization onto nitrocellulose (NC) membrane by different methods.
( After that the NC membrane was saturated with 5% skim milk powder solution and cut into strips. Strips were incubated with human sera (diluted with phosphate-buffered saline buffer 1:10
2 ) for ca. 14 h at room temperature. After the strips were washed, they were incubated with anti-human IgG (POD conjugated, diluted 1:2 ϫ 10 3 ) for 45 min at room temperature. The positive enzyme reactions were visualized by the addition of POD substrate (3,3Ј,5,5Ј-tetramethylbenzidine) for 7 min.
(ii) Protein application by line assay. For the detection of pIX cross-reactivity with rabbit hyperimmune sera diluted adenovirus antigens (10.3 to 199.9 g/ml, diluted in Tris-HCl buffer) and two dilutions of anti-human IgG (0.05 and 0.5 ng per strip) for showing a weak reaction as cutoff and a strong reaction as a control for correct test performance (reaction control), respectively, were sprayed onto NC membranes as individual thin lines. The recombinant antigens were used after further chromatographic purification procedures (depending on the characteristics of the antigens such as pI or hydrophobicity; Mikrogen). POD-conjugated anti-rabbit IgG (diluted 1:2 ϫ (9, 34) , and the phylogenetic tree was constructed by using the program TreeView (26) . The length of the branches indicates the phylogenetic distance between the different serotypes and the species, respectively.
RESULTS
Selection of adenovirus antigens used for immunoblot assay. As genus-specific antigens, the native HAdV-5 hexon and the recombinant long-fiber protein of HAdV-41[F] (Ad41Fi) were tested because of their cross-reacting properties. For the detection of species-specific adenovirus antibodies in human sera, the antigens should be highly immunogenic and display and -E were left in the immunoblot system because no pIX sequences of these species were known at the time point of starting the seroepidemiological study. The use of His-tagged fusion proteins with or without DHFR facilitated a size differentiation by electrophoresis for the immunoblot. Based on the pIX amino acid sequences we found that within HAdV-A (HAdV-12 and -31) the identity is 84.7%, within HAdV-B (HAdV-3, -7, -11, -14, -21, -34, and -35) the identity is 83.3 to 99.3%, within HAdV-C (HAdV-1, -2, -5, and -6) the identity is 99.5 to 100%, within HAdV-D (HAdV-8, -9, -10, -15, -17, and -37) the identity is 96.2 to 99.3%, and within HAdV-F (HAdV-40 and -41) the identity is 90.9%, whereas between the serotypes of different adenovirus species identities of 47.7 to 70.5% were obtained (except for Ad4pIX [E] and pIX of the HAdV-B serotypes with identities between 75.5 and 82.6%) (9) . After comparison of C-and N-terminal parts of pIX, we found for all species that the identity of the amino acid sequences of the variable C-terminal parts (amino acid position 71 till the end) were only 29.8 to 73.9% in contrast to higher identities of 61.9 to 96.9% in the conserved N-terminal parts (amino acid positions 1 to 70). This comparison of amino acid sequences indicated that the cross-reactivity should be localized on the N terminus of pIX and that especially antibodies directed against epitopes of the C-terminal pIX parts should be valuable for the species-specific differentiation of adenovirus infections by immunoblot assay. Furthermore, a phylogram ( Fig. 1 ) based on the pIX amino acid sequences of 22 serotypes showed a good correlation with the classification of these serotypes into the six species from HAdV-A to -F. A phylogeny based on pIX nucleotide sequences of all HAdV serotypes (except 10 HAdV-D serotypes) also confirms this classification (not shown).
After that, only for HAdV-C (HAdV- ) was chosen as the representative species-specific antigen instead of pIX because at the time of the seroepidemiological study no sequence data of pIX of any serotype of this adenovirus species were available. However, a recently generated phylogenetic tree of the fiber knob amino acid derived from serotypes of all adenovirus species, including 30 serotypes of HAdV-D, showed considerable differences between serotypes from HAdV-A to -F but minor sequence differences between serotypes of HAdV-D (16) . Thereafter, the amino acid sequence of Ad8FiKn[D] represents a typical fiber knob sequence of HAdV-D.
Reaction pattern of adenovirus antigens obtained with rabbit hyperimmune sera. With virus-and pIX-specific rabbit hyperimmune sera we investigated whether the antigens (Fig. 2A) . Table 1 summarizes the reaction patterns of rabbit anti-virion sera (values in round asterisks) tested at serum dilutions of 1:10 3 to 1:10 5 . Generally, at suitable serum dilutions rabbit sera against the purified virus reacted strongly with the pIX and fiber knob, respectively, of the same species and showed no to weak cross-reactivities with the representative antigens of other species.
(ii) PIX-specific hyperimmune sera. For the detection of pIX cross-reactivity furthermore rabbit hyperimmune sera directed against representative pIX antigens were used. The reaction patterns of sprayed pIX antigens generally showed a strong species-specific signal by line assay (Fig. 2B and Table  1 Such weak cross-reactivities or nonspecific reactions were eliminated at higher serum dilutions. The rabbit hyperimmune sera were tested for disturbing antibodies, e.g., against DHFR or bacterial antigens.
Reaction pattern of adenovirus antigens within a seroepidemiological study. All human sera demonstrated in Fig. 3 showed a genus-specific reaction with HAdV-5 hexon and mostly with Ad41Fi antigen. The sera reacted with at least one but often with more than one of the representative antigens. In Tables 2  and 3. A total of 667 human sera were screened for adenovirus antibody prevalence (Table 2 ). There were 658 (98.8%) sera positive for genus-specific hexon antibodies. A total of 72 sera had no additional reaction beside the anti-hexon reactivity. With the second genus-specific antigen Ad41Fi 552 (82.9%) human sera did react. Thirty-four sera (5.1%) were positive with representative antigens but negative for Ad41Fi. In 458 (68.7%) of 667 sera antibodies to at least one of the four representative antigens were detected. In 586 of the 658 antihexon positive sera antibodies to at least one of the recombinant adenovirus pIX, fiber knob or fiber antigens were found. Antibodies against at least one of the three pIX antigens were found in 410 (61.5%) sera. In 384 of the 410 anti-pIX positive sera antibodies to Ad41Fi were detected.
An immune response to only one of the representative species-specific antigens showed 208 (31.2%) of the 667 sera, followed by 148 sera (22.2%) with antibodies to two speciesspecific antigens and by 74 sera (11.1%) against three speciesrepresenting antigens (6) . A total of 28 (4.2%) of the 667 human sera possessed antibodies to all four species-specific antigens (Table 3) . Two hundred (30%) of the 667 sera reacted with HAdV-5 hexon but did not react with the used speciesspecific antigens. Of these 200 sera, 130 (65%) contained antibodies to Ad41Fi. A weaker anti-fiber immune response was also found in 182 of the 208 sera (87.5%), with only one species-specific antigen reaction. If there were two or more species-specific reactions for one serum, the genus-specific Ad41Fi antigen reacted in every case (100%). Thereafter, the frequency of the detection of antibodies directed against the receptor-binding fiber seems to correlate with the frequency of detection of the representative antigens in one serum and the frequency of adenovirus infections in individual patients' history, respectively. These frequencies increased age dependently till the 50th year of life (Tables 2 and 3) .
Furthermore, in 667 sera, 298 sera (44.7%) reacted with . To analyze the age-dependent antibody distribution, we divided the patients into eight age groups 0 to 3 months (n ϭ 48), 4 to 11 months (n ϭ 65), 1 to 4 years (n ϭ 104), 5 to 14 years (n ϭ 126), 15 to 29 years (n ϭ 100), 30 to 50 years (n ϭ 100), 51 to 65 years (n ϭ 86), and Ͼ65 years (n ϭ 38). The age-dependent adenovirus antibody distribution within the 667 patients' sera is summarized in Table 2 . In the first age group of 0 to 3 months the antibody prevalence against adenovirus proteins was significantly higher than in the age group 4 to 11 months, the age group that contained six of the nine anti-hexon negative sera. It can be assumed that the majority of these antibodies in the age group of 0 to 3 months have a maternal origin and are no longer available after a while. Most of the antibody reactions were found against HAdV-F and -C antigens. A comparable seroprevalence for HAdV-F and slightly more HAdV-C antibodies were detected in the two age groups of potential mothers (15 to 29 years and 30 to 50 years). The age group of 1 to 4 years was the first age group with 100% anti-hexon positive sera, and 80 (76.9%) of them already possessed anti-fiber (Ad41Fi) antibodies. In all following age groups the amount of anti-hexon positive sera stayed at ϳ100%. In the age group from 30 to 50 years the highest number of Ad41Fi-positive sera (95%) was detected.
In the age group of Ͼ65 years antibodies against species-and genus-specific (Ad41Fi) antigens were found in a reduced number of sera (65.8 and 84.2%, respectively). Altogether, the following characteristic species-specific distribution of the antibodies through the age groups was obtained (Table 2 ). (i) For HAdV-B, in the age group of 4 to 11 months fewer than 5% of the children had antibodies to the representative antigen Ad3pIXC [B] . In the age group of 1 to 4 years the HAdV-B-specific seroprevalence increased to 13.5%, and then in the age group of 51 to 65 years it increased to 37.2%. After the age of 65 years there was a significant drop to 15.8% of HAdV-B-positive sera. (ii) For HAdV-C, nearly 14% of the sera in the age group of 4 to 11 months reacted with the antigen Ad2pIX[C] and 55.8% of the sera were already positive in the age group of 1 to 4 years. The highest percentage of HAdV-C-positive sera (59.5%) was found in the age group of 5 to 14 years. In the subsequent age groups the antibody In the age group of 1 to 4 years there was a peak with 36.5% positive sera. In the age group of 51 to 65 years the second peak was found with 51.2% seroprevalence.
After the 65th year of life the HAdV-F-specific seroprevalence decreased to 31.6%.
DISCUSSION
Evaluation of the immunoblot assay. For adenovirus diagnosis the detection of HAdV antibodies is performed by enzyme-linked immunosorbent assay or complement fixation test based on the genus-specific hexon antigen (19) . The epitopes on hexon and penton are important for serotyping of adenoviruses by neutralization and hemagglutination inhibition tests. However, these methods are not suitable for routine diagnosis (30) . Besides antibodies directed against the capsid components hexon and penton the sera against whole virus contain also non-neutralizing antibodies against the outer capsid protein IX (1, 2, 8 ). For the extensive formation of pIX-specific antibodies and its use in serodiagnosis it seems to be advantageous that hexon-associated pIX is synthesized in far greater quantity than needed for encapsidation; furthermore, the hexon can provide an adjuvant effect for other antigens (25) .
The detection of adenovirus antibodies with an immunoblot assay using recombinant pIX and fiber proteins had not been described until now. To investigate the ability of pIX protein to detect adenovirus antibodies in a species-specific manner, we analyzed at first the variability of the amino acid sequences of pIX of 22 HAdV serotypes of HAdV-A to -F. Identities of 47.7 to 70.5% as we have found between serotypes of two HAdV species are low for an adenovirus structural protein (except for Ad4pIX[E] and the pIX of different HAdV-B serotypes with higher identities of 75.5 to 82.6%) (9) . For the hexon protein of different HAdV species the amino acid sequence identities are 65 to 81% (5). The average identity of pIX has a value between that of structural proteins and that of nonstructural E3 proteins (31 to 57%; unpublished results). In phylogenetic studies a clustering of serotypes into the species HAdV-A to -F as found for the pIX genes was also obtained for other regions of the adenovirus genome, such as the genes of the E1B-55K protein, the protease, the E3 proteins, and the fiber knob protein (5, 7, 16) . However, these proteins are probably fewer suitable for species-specific differentiation of adenovirus infections due to the lack of appropriate antibodies in human sera. An immunoblot assay like that described here, which uses the strong immune response to species-specific determinants of pIX, constitutes a new tool in the serodiagnosis of adenovirus infections. The used genus-specific marker antigens HAdV-5 hexon and Ad41Fi cross-reacted as strongly, as expected with the tested rabbit anti-virion sera of serotypes of the HAdV-A to -F (except serotypes of HAdV-B and -E with weaker reactivity to Ad41Fi). -16) . After these results with rabbit sera it should be of interest to compare the prevalence of speciesspecific antibodies in human sera detected by immunoblot assay with the isolation rate of different serotypes of HAdV-B, -C, -D, and -F in earlier studies. Antibody prevalence against pIX, fiber, and hexon in human sera. Our epidemiological study with 667 human sera of the Greifswald area showed a species-specific IgG prevalence in an age-dependent manner. Often a seroprevalence was found against more than one representative species-specific antigen, indicating earlier infections with serotypes of different adenovirus species in the patients' history. These findings correlate with the prevalence of neutralizing antibodies against more than one adenovirus serotype in patients' sera of different age groups (12, 37) . The age-specific attack rates based on the prevalence of neutralizing adenovirus antibodies showed that in the age group of 6 to 12 months more than 30% of the children were infected with at least one serotype, and in the age group of 3 to 6 years more than 50% of the children already had three or four different adenovirus infections (12) .
For a World Health Organization (WHO) report of the years 1967 to 1976, 24,184 specimens of symptomatic patients worldwide were analyzed to find out by virus isolation the frequency of different adenovirus serotypes (31) . In a European study from 1982 to 1996 in the Greater Manchester area, United Kingdom, adenoviruses of 3,098 patient specimens with symptoms severe enough to warrant laboratory diagnosis were isolated and typed (11) . These studies should be suitable to compare the frequency of isolated adenovirus serotypes of HAdV-B, C-, -D, and -F with the species-specific immune responses in our study, if the differences between the virus isolation of different serotypes in symptomatic individuals and the detection of circulating antibodies in mainly asymptomatic patients are considered. The most frequently occurring adenoviruses in children and adults were the serotypes HAdV-1, -2, and -5 of HAdV-C. Schmitz et al. (31) found HAdV-C viruses in 59.2% and Cooper et al. (11) in 39.8% of all isolations. We detected 59.5% HAdV-C-positive sera in the childrens' age group of 5 to 14 years and 44.7% in all patients' sera. After childhood, the number of virus isolations of the HAdV-C in the greater Manchester area was decreasing, in agreement with our results. Adenoviruses of HAdV-F were first described after the study of Schmitz et al. (31) . Cooper et al. (11) found HAdV-F in 42.1% of isolates. In our study with asymptomatic patients we found with 36.6% positive sera slightly lower results. HAdV-B viruses were detected in 33.7% (31) and 23.3% (11) of all isolations. We found antibodies to Ad3pIXC[B] in 18% of human sera. This lower number of positive sera in comparison to the Manchester study is understandable because we analyzed patient sera at random and not only those with suspected viral infection. Patients with HAdV-B infections showed more frequent clinical symptoms in comparison to that seen with serotypes of other adenovirus species (20) . The C-terminal part of pIX of the serotypes of HAdV-B does not induce antibodies as often as the full-length pIX. We found few sera that reacted with the complete pIX but did not react with the C-terminal pIX part (Fig. 3A) .
Serotypes of HAdV-D were typed in 4.1% (11) and 6.4% (31) of the isolates, respectively, but our study showed 26.4% Ad8FiKn[D]-positive sera. There are several possible explanations for this discrepancy. Apart from a different epidemiological situation, the higher seroprevalence against HAdV-D viruses in our study might be caused by the fact that HAdV-D infections are often asymptomatic and thus not included in the WHO and greater Manchester studies but leading to an antibody formation detectable by immunoblot assay. The species HAdV-D is the one with the most serotypes. Some HAdV-D viruses are difficult to cultivate, which might play a role in the lower HAdV-D level in the virus isolation studies. Unlike our immunoblot study, which detected former as well as fresh, symptomatic as well as asymptomatic infections, the isolation studies included only fresh symptomatic infections. Adenoviruses of HAdV-A represented only 0.5 and 1.4% of the typed virus isolates, respectively (11, 31) . HAdV-E contains only the serotype HAdV-4, which was isolated in 8.9% of typed isolates reported in the Manchester study (11) and in 2.4% of the WHO study (31) . At the time of our epidemiological study no pIX sequences for pIX antigens of HAdV-A, -D, and -E serotypes were available for the immunoblot assay. However, a part of human sera which were positive for genusspecific antigens and negative for the species-specific antigens might probably represent infections with serotypes of HAdV-A and -E.
The inability to clear an infection is primarily a failure of T-cell response, whereas reinfections are prevented by the host's antibody response (19, 23) . Neutralizing antibody responses to adenoviruses are directed against components of the virion surface, primarily against fiber, penton base, and hexon (35) . Neutralizing antibodies against fiber are qualified to block binding of the fiber knob to its cellular attachment receptor and to aggregate virions by cross-linking fibers on separate virus particles (14) . Neutralizing antibodies against penton bases are mainly directed against the integrin-binding RGD motif and prevent virus internalization (18) . Viral attachment, cell entry, and intracellular transport to the nuclear pore still occur in presence of neutralizing levels of monoclonal hexon antibodies. Thereafter, for neutralization of adenovirus by anti-hexon the hexon capsid is cross-linked by antibodies.
This prevents virus uncoating and nuclear entry of viral DNA (35) . With pIX hyperimmune sera we only found insignificant neutralizing titers of Ͻ10 (not shown). However, it is conceivable that the anti-pIX level could intensify the anti-hexon effect during virus neutralization. Apart from the virus neutralization the species-specific detection of pIX antibodies seems to be an important indication for the individual patients' history of adenovirus infections. The described immunoblot assay might be a valuable contribution to a refined adenovirus diagnosis and for getting a profound knowledge of adenovirus pathogenesis. The immunoblot assay will be completed with suitable representative pIX antigens of HAdV-A, -D, and -E. A further proofing on clinical specimens seems to be necessary and worthwhile.
